Abstract -We propose an approximation for removing resonant artifacts that arise in permittivity and permeability measurements when using the transmission/reflection (T/R) method at frequencies where the test sample length is an integer multiple of a half wavelength. In order to address this issue, we approximate the input impedance of the transmission-line fixture around the λ/2 resonance with a simple algorithm based on a 1st-order regression. The characteristic impedance of the sample-loaded section of the fixture is computed from those regression coefficients, and the permittivity and permeability can be computed by assuming that the refractive index obtained from the conventional T/R method does not suffer from resonant artifacts. Our approximate results are validated when compared with those from one of the conventional T/R methods, the Nicolson-Ross-Weir (NRW) method.
I. INTRODUCTION
Transmission/reflection (T/R) methods are powerful techniques for measuring the dielectric and magnetic properties of materials over a broad frequency range. Such measurement techniques fall mainly into two classesexplicit and/or iterative approaches. The former is often called the Nicolson-Ross-Weir (NRW) method [1, 2] whereas perhaps the latter is typified by the Baker-Jarvis (BJ) method [3, 4] . A majority of the T/R methods calculate the frequency-dependent permittivity and permeability from measurements of a sample-loaded transmission-line's Sparameters. Most of the T/R methods essentially share the same pros and cons when dielectric and magnetic properties are simultaneously measured.
One of the issues that have been reported with T/R methods is divergent results at the frequencies where the sample length is an integer multiple of a half wavelength, λ/2 (λ is the wavelength in the sample medium), when the sample is a very low-loss material. At these frequencies, standing waves occur within the material sample due to the impedance mismatch to air on both sides of the sample faces, and as a consequence measured S 11 0 (or S 22 0) and S 21 1 (or S 12 1), which leads to instability in the algorithm of the NRW method. The BJ method does not suffer from this problem when measuring a dielectric-only material, but the same problem occurs when measuring a low-loss magnetic material with the BJ method.
The issue associated with the λ/2 resonance has been widely recognized, and some efforts have been made in order to get rid of this issue [5] - [9] . In the case when only a dielectric material is treated, we can address this issue by assuming μ r = 1 for the equations of characterization [6] .
Another approach that has been proposed for measuring a dielectric material without artifacts adopts only amplitudes of measured S-parameters [7, 8] . However, all of these proposed approaches determine only dielectric parameters of materials.
In this paper, we attempt to remove the λ/2-resonant artifact from the conventional T/R method and determine both permittivity and permeability around the halfwavelength resonance. Our methodology is based on the approximation for the input impedance measured for the fixture loaded with a test material sample by use of the refractive index from the conventional T/R method. The only assumption made in this algorithm is that the test sample is non-dispersive at frequencies near the half-wavelength resonance.
II. THEORY
Consider the input impedance of the transmission line loaded with a test material sample of length L in Fig.1 , where the input impedance Z in looking from reference plane 1 (the front face of the sample) is represented by * U. S. government work, not protected by U. S. copyright. † James Baker-Jarvis is deceased.
where γ and Z are the propagation constant and characteristic impedance in the sample-loaded section given, respectively, by In ( here, we can confirm the validity of (1)- (3) such that if ζ = 1 (wave impedance of air), no λ/2 resonant frequency is present (no peak in Re(Z in ) occurs). In other words, only the relative wave impedance of ζ 1 gives rise to the λ/2 resonance. We also observe that Z in shifts along the frequency axis when the refractive index n is varied, whereas the gradients of the real and imaginary parts of Z in change with variation of ζ. (It has been reported, in contrast, that n is smooth at the λ/2 resonance if the test material is non-dispersive [9] .) Such a feature of the input impedance will allow for approximation of the real and imaginary parts R and X of the measured sample-loaded input impedance Z in that incorporates an unknown characteristic impedance Z in the sample-loaded section. Fig. 2 shows an illustration of the regressions for fitting Z in .
In Fig. 2 , the frequency band around the λ/2 resonance is divided into two regions I: f A f 0 and II: f 0 f B , where f 0 is the center frequency and f A and f B are the start and stop frequencies at the resonance, respectively. The regression lines for approximating measured R and X are expressed in the 1st order, such as R = a 1 f + a 2 and X = b 1 f + b 2 in region I and R = c 1 f + c 2 and 
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Here, Z in in (4)- (7) is also given by (1) along with (2) and (3) where n as obtained previously from the conventional T/R method is substituted and therefore Z = Z' + jZ" is the only unknown to be determined.
With knowledge of the characteristic impedance Z in the loaded section, the determination of the relative wave impedance ζ or the relative permeability μ r of the test material, whether the type of fixture used is a coaxial line or rectangular waveguide, is as follows:
( ) ( ) Moreover, ε r and μ r for the coaxial transmission line are found from ε r = n/ζ and μ r = n ζ, and for the rectangular waveguide ε r = n 2 /μ r . In this paper, we iteratively solve equations (4) to (7) with the Newton-Raphson method along with proper initial values taken from outside the resonance to ensure good root convergence.
III. RESULTS
In this section, we test out our approximation technique for removing artifacts from the conventional T/R method, using S-parameter and input impedance data obtained from the fullwave simulator. To this end, we take a very low-loss magnetic material as a test material whose permittivity and permeability are ε r = 10.000 j0.001 and μ r = 25.0000 j0.0025. In our simulation, this material is installed in a WR-112 (H-Band) waveguide that covers the operational frequency range 7.5 GHz 10 GHz. The sample length is configured to be L = 5 mm so that a λ/2 resonance is present in this frequency range, and the resonance is confirmed to occur at f 0 = 9.5125 GHz.
The regression coefficients for the simulated data are a 1 = 94.8193, b 1 = 394.7375, c 1 = 101.8847, and d 1 = 404.9929 if the start and stop frequencies are chosen to be f A = 9.3250 GHz and f B = 9.7000 GHz.
The permittivity and permeability computed from our approximation are shown in Fig. 3 , and for comparison the results from the NRW method are also plotted in the same graphs. We observe from Fig. 3 that the NRW method yields divergence for both of the real and imaginary parts of ε r and μ r at the frequency f 0 whereas the results from our approximation exhibit very constant response over the entire frequency range, giving ε r ' 10, ε r " 0, μ r ' 25, and μ r " 0. The data show very good agreement with those used in the simulation. Note that the results from our approximation show small slopes in ε r ' and μ r ' which are attributed to the fact that the refractive index n obtained from the conventional T/R method for the waveguide measurement tends to be minimally dispersive. In turn, μ r as computed from (9) that involves a value of n acquired from the T/R method may have a slight slope as well.
In addition, we have conducted simulations to get the data for the same test material with a 7-mm coaxial fixture (APC-7) (not shown here due to the limited number of pages). Similar to the WR-112 case, we have observed more accurate results from the approximation than those from the NRW method near the resonance, and we will present these at the conference.
In this section, we confirm that our approximation provides more accurate results around the λ/2 resonance than does the NRW method. We emphasize that our approximation is applicable to the measurements for both of any dielectric and magnetic materials that possess non-dispersive responses.
IV. CONCLUSION
In this paper, we have proposed an approximation for removing artifacts at the λ/2 resonance that arise in the conventional T/R method such as the NRW method. Using data simulated for a test sample of magnetic material with ε r = 10.000 j0.001 and μ r = 25.0000 j0.0025, we compared the results from our approximation to those from the NRW method, and we confirmed that the approximation generates more accurate results around the λ/2 resonance than does the conventional T/R method. At the present time, f A and f B are manually selected by checking where the material parameters extracted with the NRW method start to deviate from the real ones. We are investigating the reasonable bounds of the material parameters determined and planning to report this in a separate publication in the future. At the conference, not only simulation data, but also experimental results for some different material samples will be presented and discussed.
